Nitrate transport in excised corn (Zea mays L.) roots was inhibited by phenylglyoxal, but not by 4,4'-diisothiocyano-2,2'-stilbene disulfonic acid (DIDS) 
3 hours, which was similar to the time needed for induction of nitrate uptake. If induction of nitrate uptake occurs by de novo synthesis of a nitrate carrier, then the resumption of nitrate uptake in the inhibitortreated roots may occur because of turnover of phenylglyoxal-inactivated nitrate carrier proteins. All three chemicals inhibited chloride uptake to varying degrees, with FITC being the strongest inhibitor. While inhibition due to DIDS was reversible within 30 minutes, both FITC and phenylglyoxal showed continued inhibition of chloride uptake for up to 3 hours after removal from the uptake solution. Assuming that the anion transporter polypeptide(s) carries a positive charge density at or near the transport site, the results indicate that the nitrate carrier does not carry any lysyl residues that are accessible to DIDS or FITC, whereas the chloride carrier does. Both chloride and nitrate carriers, however, seem to possess arginyl residues that are accessible to phenylglyoxal.
With the increased cost of farm inputs such as nitrogen fertilizers, it is important to breed crop cultivars that absorb and use soil nitrogen more efficiently. The absorption of nitrate by plants is mainly determined by the root surface area and/or the capacity of nitrate uptake by root cells which, in turn, depends in part upon the number and/or efficiency of the nitrate carriers per unit area of the plasma membrane (1) . Although the involvement of carriers in the transport of ions across the plant plasma membrane has long been recognized, it has been difficult to biochemically identify and characterize such carriers. A biochemical identification of a nitrate carrier, for example, is essential for effective manipulation of nitrate uptake by plants at the molecular level. This requires the development of certain probes that can be used to label and subsequently identify the polypeptide(s) involved in nitrate transport.
Group-specific chemical reagents have been successfully used to identify the functionally essential amino acid residues in a number of enzymes (15, 27) . Because of the high pKa (12.5) (4, 24, 26, 31) . The other amino acid residues that can provide a positive charge at physiological pH are lysine (pKa 10.5) and histidine (pKa 6.0).
Phenylglyoxal, a diketone that binds the guanidinium group of arginine (30), strongly inhibited chloride transport in mammalian red blood cells (3) . Anion transport in red blood cells was also inhibited by the disulfonic acid stilbene and eosin derivatives, both of which bind the essential lysyl residue of the band 3 protein, which composes the anion transporter (17, 18, 22, 25) . Likewise, DIDS,3 a disulfonic acid stilbene derivative, inhibited chloride uptake in corn roots and Chara (16, 19, 20) . 14C-Phenylglyoxal, tritiated DIDS, and FITC were successfully used to specifically label and identify the anion transporter in red blood cells (3, 9, 29) . Inhibition of chloride uptake by DIDS in corn roots and Chara was reversible, however, such that radiolabeled DIDS could not be used to label the chloride transporter protein of plant cells (16, 19 of Cataldo et al. (7) . Data are shown for representative experiments consisting of duplicate nitrate assays for duplicate root samples. Nitrate Pretreatment. It was determined that nitrate uptake in excised root segments from corn seedlings grown as described above, reached its maximum rate after about 3 h. Therefore, the root segments were routinely pretreated for 3 h in a solution containing 5 mm nitrate (2.5 mm KNO3 and 1.25 mm Ca[NO312) in 5 mm Mes (pH 6.0) unless specified otherwise.
Inhibition of Nitrate Uptake. Inhibitors were added to the uptake assays to a final concentration ranging from 0.25 to 1.00 mM. The root segments were incubated with the inhibitor for 1 h before measurement of nitrate absorption. In one experiment (Fig. 4) , the nitrate-pretreated roots were incubated in 1 mM inhibitor solution in 2 mm Mes (pH 6.0) for 1 h, and then uptake was studied either in the presence or absence of the inhibitor over a period of 6 h.
Inhibition of Chloride Uptake. F6r measurement of chloride uptake, root segments were pretreated for 3 h in an aerated solution consisting of 0.1 mm CaSO4 in 2 mm Mes (pH 6.0). The pretreated root segments were then incubated in a solution con- For the time-course experiment ( Fig. 6 ), the pretreated root segments were incubated in a solution containing 1 mm inhibitor, 2mM Mes, 0.1 mm CaSO4 (pH 6.0) for 1 h, at the end of which time they were washed twice with water for 5 min each. The inhibitor-treated roots were kept in the aerated solution of the same composition as above minus the inhibitor. Chloride uptake was measured as a function of time as described above.
RESULTS AND DISCUSSION Inhibition of Nitrate Uptake. Both DIDS and FITC carry amino reactive isothiocyanate group(s) that can react with the epsilon amino group of lysyl residues and the N-terminal a-amino group of polypeptide chains (12, 25) . DIDS or FITS had little inhibitory effect on nitrate uptake in corn roots ( Figs. 1 and 2 ). The slight inhibition by DIDS may simply result from general anionic competition at the transport site because DIDS has two well exposed negative charges on the sulfonate groups. In comparison to DIDS, FITC is relatively less negatively charged at physiological pH (32). It has one relatively hidden, negatively charged carboxyl group and a well exposed, but partially deprotonated hydroxyl group (pK = 6.5). A slight apparent stimulation in nitrate uptake, shown by 1 mm FITC, probably resulted from the simultaneous depletion of both FITC and nitrate from the uptake solution over the period of uptake. The absorption spectra of FITC and nitrate, in the solution used for the colorimetric nitrate assay, were found to slightly overlap each other (data not shown). This would result in inflated estimates of apparent nitrate loss from the uptake solution because at each time interval, both loss of nitrate and FITC were being assayed. " DIDS has long been known as a potent inhibitor of anion transport in mammalian red blood cells (6) . The following observations demonstrated the specificity of DIDS for the anion transporter (band 3 protein) in red blood cells. One mole of DIDS per mole of the anion transporter completely inhibited sulfate flux into red blood cells (29). In the same study, almost 90% of the total radiolabeled DIDS bound to the red blood cells (Fig. 3) . Inhibition was proportional to phenylglyoxal concentration, and at equimolar concentration with nitrate (1 mM), phenylglyoxal almost completely inhibited uptake. These results are consistent with the earlier reports on yeast hexokinase and rat liver S-adenosylhomocysteinase, where the modification of arginyl residue was found to be proportional to phenylglyoxal concentration (23, 31) .
To see whether phenylglyoxal irreversibly inhibited nitrate uptake, the nitrate-pretreated root segments were incubated in a 1 mm solution of phenylglyoxal for 1 h and then uptake was studied both in the presence and absence of phenylglyoxal (Fig.  4) . Phenylglyoxal pretreatment strongly inhibited nitrate uptake for the first 3 h (uptake rate 0.24 ,umol/g roots/h) as compared to the control (0.77 Aumol/g roots/h). During the next 3 h, though, roots resumed normal uptake, and the rate (0.67,tmol/g roots/ 4. h) was similar to that of the control. When, however, 0.5 mM phenylglyoxal was also included in the uptake medium, the control rate of nitrate uptake never resumed (uptake rate 0.24 ,umol/ g roots/h).
There is strong support for the ubiquity of arginyl residues at or near the ligand binding site of enzymes that have anionic substrates or cofactors (14, 24, 26, 27, 31) . The essential arginyl residue in creatine kinase reacted with phenylglyoxal 15 times faster than with free arginine (5) . As a result, only the essential residue(s) were modified, although there are several other arginyl residues in the protein (2, 5, 30) . Similar results were obtained with human red cells where phenylglyoxal strongly inhibited chloride transport and yet only one arginyl residue was modified per anion transporter (3) . Thus, in keeping with the available evidence, the results on nitrate uptake in corn roots suggest the involvement of phenylglyoxal-accessible arginyl residue(s) in nitrate transport through the plasma membrane.
When the excised roots from nitrate-starved corn seedlings were transferred to nitrate solution, after an initial lag phase, an apparent induction of nitrate uptake was observed (13, 21) . This induction was postulated to occur by de novo synthesis of a nitrate carrier in the corn root plasma membrane. The present study shows that after a lag phase of 3 h, a maximum rate of nitrate uptake was observed (Fig. 5) . The length of time taken by the roots to recover from inhibition by phenylglyoxal was similar to the length of the lag phase for apparent induction of nitrate uptake (Figs. 4 and 5) . As originally postulated, if the induction of nitrate uptake occurs due to the synthesis of a nitrate carrier, then this study would suggest that it takes about 3 h for the synthesis and functioning of such a carrier to reach steady state. This would seem quite probable in light of the rapid rates of synthesis and degradation observed for different proteins (28). Furthermore, enzymes that catalyze either the first or the ratelimiting step of a biochemical pathway, have been shown to have short half-lives (10, 11) . A rapid rate of turnover allows the level of such an enzyme to fluctuate rapidly in response to environmental changes, thus providing the organism with an evolutionary advantage in terms of plasticity in response, which in turn, would widen the range of adaptation of the organism. Assuming that nitrate is a major source of nitrogen for plants and that virtually all of it is taken up through the roots, the nitrate carrier would be the first enzyme involved in nitrogen metabolism in plants. The recovery time of 3 h needed to overcome the inhibition by phenylglyoxal may be explained in terms of the turnover of the covalently modified, nonfunctional carriers and insertion of the newly synthesized, functional ones into the plasma mem- Induction of nitrate uptake in nitrate-starved corn roots. Roots, fresh from the seedlings, were transformed to the uptake solution and uptake was determined over a 7-h period.
brane. More definitive experiments, however, are needed to confirm or reject the hypothesis that the reversal of inhibition occurs due to the turnover of nitrate carriers.
Inhibition of Chloride Uptake. DIDS, FITC, and phenylglyoxal inhibited chloride uptake (Table I) . FITC was a stronger inhibitor than either DIDS or phenylglyoxal at equimolar inhibitor concentrations. The results for DIDS agree with the earlier reports where it was found to inhibit chloride uptake in corn roots (19, 20) , corn root protoplasts (20), and Chara (16) . It appears that the chloride carrier contains both lysyl residue(s) that are accessible to DIDS and FITC and arginyl residues that are accessible to phenylglyoxal. This is in contrast to the nitrate carrier where no DIDS-or FITC-accessible lysyl residues were detected indicating, in agreement with kinetic data (8) , that distinctly different transporters are involved in chloride and nitrate transport in corn roots.
To see whether this set of inhibitors affected chloride uptake irreversibly, pretreated roots were treated with 1 mM of each of the inhibitors for 1 h before transfer to an inhibitor-free buffer solution and assay of chloride uptake in the absence of the inhibitors over a 6-h period (Fig. 6 ). While the results for DIDS agreed with the earlier reports, where it was found to be a reversible inhibitor (16, 19) , FITC and phenylglyoxal both inhib- ited chloride uptake for about 2 to 3 h after the removal of the inhibitor. This lag period is similar to that observed for restoration of phenylglyoxal inhibited nitrate uptake (Fig. 4 ) and is consistent with the view that uptake resumes due to turnover of the modified chloride carriers. This implies that carriers for both chloride and nitrate have relatively short half-lives.
GENERAL DISCUSSION
This study demonstrates that distinctly different mechanisms are involved in nitrate and chloride transport in corn roots. The apparently covalent nature of the reaction of phenylglyoxal and FITC with amino acid residues should make it possible to label the anion transporting polypeptides in corn roots and identify them by gel electrophoresis. FITC and radiolabeled phenylglyoxal have both been successfully used to specifically label and identify the anion transporter of human red blood cells (3, 9) . When both intra-and extracellular pH was alkaline, an indiscriminate labeling with [14C]phenylglyoxal was observed (3). Selective modification of the anion transporter could, however, be achieved by treating the red cell ghosts with a neutral or acidic internal pH in an alkaline medium. This selective modification probably resulted from deprotonation of only the exofacial phenylglyoxal-accessible arginyl residues of the anion transporter. Efforts to label such a polypeptide in corn root plasma membranes may be hampered by the difficulty of preparing sealed, right-side-out vesicles. The availability of such vesicles may make it possible to radiolabel the nitrate and the chloride carriers and to distinguish between them based on different inhibitor sensitivities.
Since anion transport through the plasma membrane may be energized by an ATPase-generated, free-energy gradient for proton, it is conceivable that the reagents used in this research indirectly effect anion transport by inhibiting the H+-ATPase. For example, 1 to 10 mm phenylglyoxal rapidly inhibited the fungal H+-ATPase apparently be reacting with an arginine residue at or near the catalytic site (15) . Treatment of the corn root plasma membrane fraction with 1 mm FITC or 1 mm phenylglyoxal for 30 min inhibited ATPase activity by 85 and 35%, respectively (RT Leonard, unpublished results). However, we contend that plasma membrane H+-pumping activity was not significantly inhibited by phenylglyoxal and did not play a role in the effect of phenylglyoxal on nitrate (or chloride) transport in root tissues. The time required for observation of inhibition was relatively short (Fig. 3) , and it is unlikely that phenylglyoxal accumulated in the cytoplasm of root cells at a concentration (millimolar) sufficient to react at the catalytic site of the ATPase and inhibit H+-pumping activity. Additionally, FITC was more effective than phenylglyoxal at inhibiting ATPase activity of the plasma membrane fraction, yet it did not inhibit nitrate transport (Fig. 2) . We conclude that phenylglyoxal inhibited nitrate transport by interacting with arginyl residues of polypeptides which are accessible at the outer surface of the plasma membrane.
We found that the presence of excess nitrate in the uptake solution protected nitrate uptake from inhibition by phenylglyoxal (data not shown). This observation is consistent with earlier reports on adenylate kinase and creatine kinase, where the presence of the substrate strongly inhibited the modification of the essential arginyl residue by phenylglyoxal (2, 5) . This provides an additional tool for identification of the nitrate carrier in that the presence of excess nitrate may inhibit the modification of the carrier by radiolabeled phenylglyoxal. Further, the apparently short half-lives of the nitrate and the chloride carriers should make it possible to label such polypeptides in the intact roots and study the rates of their degradation. The information so obtained, in conjunction with phenylglyoxal and FITC labeling, should be useful in narrowing down the number of candidates for nitrate and chloride carriers.
